This study was designed to evaluate the antioxidant and anti-inflammatory effects of Eucommia ulmoides flavones (EUF) using diquat-challenged piglet models. A total of 96 weaned piglets were randomly allotted to 1 of 3 treatments with 8 replication pens per treatment and 4 piglets per pen. The treatments were basal diet, basal diet + diquat, and 100 mg/kg EUF diet + diquat. On day 7 after the initiation of treatment, the piglets were injected intraperitoneally with diquat at 8 mg/kg BW or the same amount of sterilized saline. The experiment was conducted for 21 days. EUF supplementation improved the growth performance of diquat-treated piglets from day 14 to 21. Diquat also induced oxidative stress and inflammatory responses and then impaired intestinal morphology. But EUF addition alleviated these negative effects induced by diquat that showed decreasing serum concentrations of proinflammatory cytokines but increasing antioxidant indexes and anti-inflammatory cytokines on day 14. Supplementation of EUF also increased villi height and villous height, crypt depth, but decreased the histopathological score and MPO activity compared with those of diquat-challenged pigs fed with the basal diet on day 14. Results indicated that EUF attenuated the inflammation and oxidative stress of piglets caused by diquat injection.
Introduction
Oxidative stress is a common phenomenon in humans and animals that resulted from a large number of biological and environmental factors and stressors [1] . Under normal physiological conditions, there is a balance between the production of oxidants and antioxidants in the biological system [2] . The overwhelming of free radicals could impair this redox balance and thereby results in oxidative stress, including the oxidation of proteins, lipids, and nucleic acids [3, 4] . Many chronic diseases have been reported to be linked with the excessive production of reactive oxygen species (ROS) [5, 6] . Natural compounds present in plants have been reported to exhibit antioxidant activities that interact with ROS/ reactive nitrogen species (RNS) and thus terminate chain reaction [7] [8] [9] . Eucommia ulmoides (EU) (also known as "Du Zhong" in Chinese) contains enriched chemical components such as lignins, iridoids, phenolics, steroids, and flavonoids and, therefore, presents various medicinal properties as a Chinese traditional medicine [8, 10] . The leaf of EU also contains abundant secondary metabolites, such as flavonoids [8, 11, 12] . It has been reported that flavonoids have strong antioxidant activities; it shows direct scavenging free radicals, suppression of proinflammatory cytokines through inhibition of reactive oxygen species and nitric oxide, decreasing inflammatory genes including cyclooxygenases (COXs) and inducible nitric oxide synthase (iNOS), upregulating antioxidant enzymes, modulating transcription factors such as NF-κB and AP-1, and enhancing the Nrf2 signaling pathway [13] [14] [15] [16] .
Therefore, the objectives of this experiment were to investigate the antioxidant activities and anti-inflammatory effects of the flavones extracted from the leaves of EU using an oxidative stress piglet model induced by diquat that is a bipyridyl herbicide exerts ability to produce free radicals by redox-cycling metabolism and widely accepted in vivo model of oxidative stress [17] [18] [19] .
Materials and Methods
2.1. EUF Extract. EUF extraction and total flavone content determination were conducted according to the methods of Li et al. [20, 21] at the Department of Medicine, Jishou University (Jishou, Hunan, China). The leaves of EU were shade dried and finely powdered. The extraction was performed using 65% ethanol in Erlenmeyer flasks for 30 min using an ultrasonic cleaner at 50°C, followed by filtration. This extraction process was repeated twice. The filtrate was then concentrated using a rotary vacuum evaporator at 70°C. The concentrated extract solution was dipping degreased using petroleum ether and then purified using a macroporous resin by rinsing the column with distilled water and static absorption for 2 h. The fraction was eluted with the 90% ethanol for 2 h and then sequentially concentrated, washed twice with isopropanol, filtrated, concentrated, and lyophilized. The content of the total flavones in EUF powder was 83.61% analyzed by ultraviolet spectrophotometer methods using rutin as calibration standard [22] .
Animals and Experimental
Design. The animal experiments were approved by the Institutional Animal Care and Use Committee of the Institute of Subtropical Agriculture, Chinese Academy of Sciences (2013020).
A total of 96 three-breed crossbred (Duroc × Landrace × Large Yorkshire) piglets weaned at 21 days were randomly assigned to receive 1 of 3 treatments with 8 replicate pens/ treatment and 4 piglets/pen. The 3 treatments include basal diet, basal diet + diquat, and 100 mg/kg EUF diet + diquat. The diets were formulated to meet the nutrient requirements for weanling piglets (Table 1) . Diquat was purchased from Sigma-Aldrich (St. Louis, MO, USA) and a dose of 8 mg/kg BW was used according to the results reported by Yin et al. [18] . The piglets were housed individually in an environmentally controlled nursery room with hard plastic-slatted flooring. All animals had free access to water. After a 7-day adaptation period, piglets were fed with their respective diets 3 times per day at 8:00, 13:00, and 18:00 for a 21-day period. All piglets were weighed weekly, their average daily gain, daily feed intake, and gain : feed ratio were calculated throughout the entire experiment.
On day 7, the piglets in basal diet + diquat and EUF diet + diquat treatments received an intraperitoneal injection of diquat at 8 mg/kg BW while the piglets on basal diet received the same volume of sterilized saline. On day 14 and 21, 8 piglets (1 pig/pen) were randomly selected and blood samples were collected aseptically from the jugular vein at 2 h after a.m. feeding. Serum samples were obtained by centrifuging blood samples at 2000 ×g for 10 min at 4°C and then immediately stored at −80°C for further analysis. Piglets were anesthetized with sodium pentobarbital and euthanized by jugular puncture. The intestinal samples were collected from the jejunum, ileum, anterior colon, and posterior colon and fixed in 4% formaldehyde for morphology analysis and histopathological grading. Anterior and posterior colonic tissues were immediately snap-frozen in liquid N and stored at −80°C for myeloperoxidase (MPO) activity analysis.
2.3. Detection of Antioxidative Capacity. Serum concentrations of superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), catalase (CAT), malondialdehyde (MDA), total antioxidant capacity (T-AOC), and GSH were measured using their corresponding assay kits (Nanjing Jiancheng, Nanjing, China) according to manufacturer instructions. In brief, SOD, CAT, and GSH-Px were analyzed by xanthine oxidase-xanthine reaction method, CAT-H 2 O 2 reaction method, and reduced glutathione method, respectively. MDA capacity was assayed by 2-thiobarbituric acid method and T-AOC was detected by ferric-reducing/ , granulocyte macrophage colony-stimulating factor (GM-CSF), transforming growth factor-beta 1 (TGF-β1), tumor necrosis factor-(TNF-) α, IL-10, and interferongamma (IFN-γ) were determined by using Porcine Cytokine Array QAP-CYT-1 (RayBiotech Inc., Guangzhou, China). An array-based multiplex ELISA system was used for quantitative measurement of multiple cytokines according to the manufacturer's protocol. Briefly, 100 μL of sample diluent was added to each well for 30 min to block slides and then decanted. 100 μL of the sample or cytokine standard was added to the plate and incubated overnight at 4°C. The samples were decanted and washed 5 and 2 times with Wash Buffers I and II, respectively. The plate was incubated in 80 μL of the detection antibody cocktail for 2 h and then washed as before. 80 μL Cy3 dye equivalent dye-conjugated streptavidin was added to each well and the plate was incubated in a dark room for 1 h. After being washed 5 times, the slides were placed in the slide washer/dryer and gently washed with Wash Buffers I and II for 15 and 5 min, respectively. The signals were visualized using InnoScan 300 Microarray Scanner (Innopsys, Parc d'Activités Activestre, Carbonne, France) equipped with a Cy3 wavelength (green channel, at an excitation of 532 nm), and the quantitative data analysis was performed using the Quantibody® Q-Analyzer (QAP-CYT-1, RayBiotech Inc.). . The processed samples were incubated in an incubator chamber at 37°C for 30 min and measured at 436 nm by UV/visible spectrophotometer-UV-2450 (Shimadzu, Kyoto, Japan) [23] . Serum D-lactate was determined using a D-Lactate Assay Kit (BioVision, Mountain View, San Francisco, USA) in accordance with the manufacturer's instruction [24] .
Determination of Serum

Intestinal Morphology Evaluation and Histopathological
Grading. The jejunal and ileal morphologies were analyzed using hematoxylin eosin staining according to Xiao et al. [23] . Villous height and crypt depth were measured with computer-assisted microscopy (Micrometrics TM; Nikon ECLIPSE E200, Tokyo, Japan). Histopathological grading of the jejunum, ileum, anterior colon, and posterior colon was performed as described previously [25] . Histological scoring was carried out by a veterinary pathologist using the methods of Huang et al. [25] that ranged from 0 (minimal injury) to 15 (maximal injury) corresponding to four grades that included mononuclear or polymorphonuclear cell infiltration, histological injury, and erosion or epithelial hyperplasia.
Analysis of Myeloperoxidase (MPO) Activity in the Colon.
Colon samples were homogenized in 10 volumes of icecold potassium phosphate buffer (pH 6.0) containing 0.5% hexadecyltrimethylammonium hydroxide through a highpressure homogenizer at 10,000-15,000 rpm at 4°C. The homogenate was centrifuged at 2500 × r at 4°C for 15 min and the supernatant was transferred into PBS (pH 6.0) containing 0.17 mg/mL 3, 3 ′ -dimethoxybenzidine and 0.0005% H 2 O 2 . MPO activity was assessed by measuring the H 2 O 2 -dependent oxidation of 3, 3 ′ -imethoxybenzidine. One unit of enzyme activity is defined as the amount of MPO present that causes a change in absorbance per min at 460 nm and 37°C [26, 27] .
Statistical Analysis.
The data of growth performance were performed with an analysis of variance (ANOVA) for repeated measures and others were subjected to ANOVA using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). The differences among treatments were evaluated using Tukey's test. Probability values < 0.05 were taken to indicate statistical significance.
Results
Growth Performance.
The body weight, average daily gain, average daily feed intake, and gain : feed ratio are shown in Table 2 . The body weight on days 0, 7, and 14 were similar among the treatments (p > 0 05). The body weight of piglets in basal diet + diquat treatment were lighter (p < 0 05) than those in the basal diet and EUF diet + diquat treatments on day 21. Compared with the piglets in basal diet treatment, diquat exposure reduced average daily gain and gain : feed ratio from day 7 to 14 and day 14 to 21, as well as average daily feed intake and gain : feed ratio from day 14 to 21 (p < 0 05). However, there were no difference in the average daily gain, average daily feed intake, and gain : feed ratio between piglets of basal diet treatments and EUF diet + diquat treatment (p > 0 05). In diquat-treated piglets, dietary EUF increased the average daily gain from day 14 to 21, average daily feed intake from day 7 to 14 and day 14 to 21, and gain : feed ratio from day 7 to 14 (p < 0 05).
3.2. Serum Antioxidant Parameters. On day 14, exposure to diquat decreased (p < 0 05) the serum concentrations of SOD, GSH-Px, CAT, T-AOC, and GSH in piglets of basal diet treatments. But the supplementation of EUF increased (p < 0 05) serum concentrations of SOD, GSH-Px, CAT, T-AOC, and GSH in piglets in EUF diet + diquat treatment compared with those in pigs in the basal diet + diquat treatment. On day 21, no differences (p > 0 05) were observed in the serum concentration of SOD, CAT, T-AOC, and GSH among treatments, with the exception that pigs in EUF treatment had greater (p < 0 05) GSH-Px than diquat-challenged pigs fed with the basal diet. There was no difference in the serum concentration of MDA among treatments on days 14 and 21 (p > 0 05) ( Table 3) . (Table 4) .
Serum Concentrations of D-Lactate and Diamine
Oxidase. Diquat exposure increased (p < 0 05) serum concentrations of D-lactate and diamine oxidase in pigs fed with the basal diet on day 14; however, this was not the case on day 21. No differences were observed in the serum concentration of D-lactate and diamine oxidase between pigs fed with the basal diet and the EUF diet on day 14 and 21 (p > 0 05) ( Table 5 ).
3.5. Jejunal and Ileal Morphology. Diquat challenge reduced (p < 0 05) jejunal and ileal villi height and jejunal and ileal villous height, crypt depth, but increased (p < 0 05) ileal crypt depth on day 14 when pigs were fed the basal diet. Inclusion of EUF increased (p < 0 05) jejunal and ileal villi height and villous height, crypt depth, of diquatchallenged pigs compared with those in the basal diet on day 14. No differences were observed in villous height and crypt depth of jejunum and ileum among 3 treatments on day 21 (p > 0 05) ( Table 6 ).
3.6. Histopathological Grading. Diquat exposure increased (p < 0 05) the histopathological grading of the jejunum, ileum, anterior colon, and posterior colon on day 14, but no differences (p > 0 05) were observed in histopathological grading on day 21. Compared with that in basal diet + diquat treatment, lower histopathological grading of the jejunum, ileum, anterior colon, and posterior colon of piglets in EUF + diquat treatment on day 14 were observed (p < 0 05) ( Table 7) .
3.7. Myeloperoxidase Activity. Diquat challenge increased (p < 0 05) the MPO activity in the anterior and posterior colon of piglets on day 14 if they were fed with the basal diet. Dietary EUF supplementation reduced (p < 0 05) the MPO activity in the posterior colon compared with diquat-challenged pigs fed with the basal diet. However, no difference was observed in the MPO activity among 3 treatments on day 21 (p > 0 05) (Figure 1 ).
Discussion
Oxidative stress which resulted in cellular injury and tissue damage has been increasingly recognized as a contributing factor in many chronic diseases such as heart disease, Alzheimer's and Parkinson's diseases, and even cancer [1, 5] . Therefore, inhibition of oxidative stress will be a potential strategy to prevent chronic diseases. There has been considerable interest in the isolation and characterization of antioxidative agents from natural products [6, 8, 9] . The present study is focusing on the antioxidative activity of flavones in the EU leafs that are widely cultivated in China.
In the current experiment, oxidative stress piglet model induced by diquat was used and has been widely used in vivo [18, 19] . Diquat has been reported to impair growth performance and nutrient utilization [18, 19] . The reduced gut morphology and growth performance by diquat challenge in the present are in agreement with published report [28] . This is mainly due the disruption in the oxidative balance [18] , which is evidenced by the decrease in serum concentrations of SOD, GSH-Px, CAT, T-AOC, and GSH after exposure to diquat injection in piglets of basal diet treatments. In the previous studies, diquat has been demonstrated to increase serum MDA concentration but also to inhibit the activities of SOD and GSH-Px [18, 19] . In addition, the present results of serum cytokine concentrations, intestinal histopathological grading, and MPO activity indicated that diquat evaluates the inflammatory response of weaned pigs, which is consistent with previous research [9, 28, 29] .
However, dietary supplementation with EUF showed to alleviate these negative effects induced by diquat. Firstly, EUF significantly elevated the growth performance of weaned piglets and this growth promotion effect of flavonoids also demonstrated in geese, ducks, meat sheep, and fatting pig [30] [31] [32] [33] . Therefore, a large scale of performance trial should be conducted to verify the potential of using EUF as a growth promoter for weaned pigs. The mechanisms of the antioxidant capacity of flavones include suppression of ROS formation by either inhibition of enzymes involved in their production, scavenging of ROS, or upregulation or protection of antioxidant defenses [8] . Diquat could stimulate cellular production of ROS and inhibit the activities of antioxidant enzymes such as SOD and GSH-Px [18, 19, 34] . Antioxidant enzymes including SOD, CAT, and GSH-Px can neutralize toxic oxygen products, thereby normalizing the body homeostasis [2] . SOD converts superoxide radicals into H 2 O 2 , which is converted into water by GSHPx and CAT [35] . Oxidative stress results from the failure of antioxidant enzymes to eliminate free radicals [36] . The present results indicated that EUF exerted antioxidant effects at the first line of defense by increasing the level of antioxidant enzymes in the blood to neutralize ROS.
The relationship between oxidative stress and inflammation has been documented by previous research [5, 37] . In the present study, dietary supplementation with EUF significantly alleviated the inflammatory response induced by diquat. Excess antioxidant enzymes in the serum and intestine may be associated with the production of proinflammatory and anti-inflammatory cytokines in the respective locations [38] . Evidences have shown that free radicals especially H 2 O 2 and NO may respond as secondary messengers to stimulate proinflammatory cytokines [39, 40] . Serum cytokine profiles could be a used as markers of inflammation [41, 42] . Proinflammatory cytokines such as IL-1β, IL-6, IFN-γ, TNF-α, and IL-1 are released by macrophages upon activation of the NF-κB pathway, a crucial factor responsible for inducing inflammatory response in pathological conditions [43, 44] .
It has demonstrated that flavonoids were not absorbed well and their concentrations could be much higher in the lumen of the gastrointestinal tract than were ever achieved in plasma [45] . Therefore, the digestive tract is the major site of antioxidant defense afforded by flavonoids [45, 46] . The EUF improved the morphological structure and barrier function of the intestine in the present study, which is evidenced by higher villous height and lower concentrations of D-lactate and diamine oxidase. As the markers of intestinal integrity, lower serum diamine oxidase and D-lactate contents released from upper villi of the small intestine showed smaller damage of intestinal integrity [47, 48] . The improvement in intestinal barrier function may reflect the alleviation of inflammatory response [49] .
In conclusion, flavones extracted from Eucommia ulmoides leaf have shown antioxidative activity and antiinflammatory effects. The results indicated that dietary supplementation with EUF alleviated the growth performance impairment, oxidative stress, inflammatory response, and intestinal damage induced by diquat in piglets. These findings will be helpful for the development of future antioxidant therapeutics and new anti-inflammatory drugs and the application of EUF in piglets. Further studies will be needed to elucidate the molecular mechanisms of EUF-regulating oxidative stress in inflammatory disease.
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